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Abstract Leaching of ﬁne fraction (\10 mm) obtained 
from landﬁll mining activities in an Estonian landﬁll was 
done. On-site excavation was carried out in four test pits 
(TP1, TP2, TP3, TP4) that were further divided in four 
layers (L1, L2, L3, L4). Total chemical oxygen demand 
(CODt), dissolved chemical oxygen demand (CODd), total 
organic carbon (TOC), dissolved organic carbon (DOC) 
and metals (Zn, Cu, Pb and Cd) were analyzed. The results 
showed that approximately 70 % of CODt were in partic-
ulate/colloidal state. The TOC released ranged between 
2326 and 3530-mg/kg dry matter for test pits suggesting 
spatial differences in the studied landﬁll. DOC ranged 
between 365–874 and 317–940 mg/kg for different test pits 
and sampling layers, respectively. Low average leaching 
rates of metals were observed (0.2–1.5 %). Pb had a sig-
niﬁcantly higher average leaching rate (1.0 %) compared to 
Zn (0.70 %) and Cu (0.35 %). The potential use of CODt 
as a surrogate indicator of TOC, DOC and Zn on the basis 
of high correlation coefﬁcients was observed. To conclude, 
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the implementation of adequate strategies to manage ﬁne-
grained fractions obtained from excavated waste relies on 
physico-chemical characterization of both the ﬁne fractions 
itself and the leachate generated during storage and use. 
Keywords Landﬁll mining · Leachate · Heavy metals · 
TOC · DOC 
Introduction 
Landﬁlling has been one of the most dominant ways of 
solid waste disposal in many parts of the world [1, 2] due to 
relatively low initial investments and operational costs [3]. 
Countries such as the USA and Australia are largely 
dependent on landﬁlling, whereas Germany, Sweden, 
Denmark, The Netherlands and Austria had less than 5 % 
of their municipal solid wastes landﬁlled in the year of 
2008 [1]. Even though landﬁll implementation has been 
practiced worldwide, there is a clear decreasing trend in 
recent years and the thousands of landﬁlls in operation 
nowadays will likely be closed in the next 10–30 years [1]. 
Moreover, apart from landﬁlls in use, there are thousands 
of landﬁlls all over the world that have been either aban-
doned or closed. Hogland [4] has reported the existence of 
between 75,000 and 100,000 closed or abandoned land-
ﬁll/dump sites in the Baltic Sea Region, Northern Europe. 
In China, about 1000 landﬁlls were closed due to envi-
ronmental concerns in the last decade [3]. Landﬁlls pose 
enormous risks to human health and the environment as a 
consequence of gaseous emissions of volatile organic 
compounds, methane, carbon dioxide, airborne particulate 
matter [5] and also the generation of leachate causing 
serious constraints in water recipients, soil and the atmo-
sphere [6]. Despite the closure of landﬁlls, threats for the 
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environment and human health still remain for a long 
period [7]. 
However, a contradiction in relation to landﬁlls is that as 
environmental and human health concerns have been 
constantly raised, landﬁlls can also be viewed as a sec-
ondary source of materials (plastics, glass and metals) and 
energy (direct collection of methane or energy recovery 
through incineration of materials with high caloriﬁc values 
such as plastics). At the same time, global demand for raw 
materials has tremendously increased in the past few dec-
ades resulting in both higher costs and increased environ-
mental impacts during extraction, processing and use [8]. 
Furthermore, high concerns have been raised in relation to 
long-term availability of natural resources [9] and metals 
such as copper and iron are likely to be depleted in the near 
future. Therefore, there is a need for the implementation of 
new models of resource management that combine the 
current challenges of high demands and overexploitation of 
natural resources and materials scarcity and environmental 
problems caused by landﬁlls. According to Krook and Baas 
[9], the society needs to consider that previously extracted 
and used resources are not permanently lost and can be re-
extracted from waste deposits such as landﬁlls, slag heaps 
and tailing ponds. Landﬁll excavation/mining with the 
objectives of recyclables recovery combined with remedi-
ation, creates new volumes in existing landﬁlls and creates 
space for new infrastructure [8] such as parks, jogging 
tracks and leisure areas. As stated by Krook and Baas [9], 
landﬁll mining initiatives taking place in the 1980s and 90s 
were mainly addressed to solve landﬁll management issues 
such as lack of landﬁll void space, local pollution concerns 
and interference with urban expansion. However, nowa-
days, the main motivation for landﬁll mining can be the 
possibilities of resource recovery, and as the main focus 
has shifted towards material and energy recovery, it is of 
crucial importance to have a detailed knowledge of both 
waste composition of the landﬁll and further treatability/ 
processing and destination in early stages of the project 
implementation. 
Several studies have addressed waste characterization 
primarily by screening the waste into different particle 
sizes followed by manual sorting into different waste cat-
egories [4, 8, 10, 11]. One of the main ﬁndings obtained 
from waste characterization has been reported by Hogland 
[4], which states that ﬁne fraction (\18 mm) can contribute 
to more than 50 % of the total mass of an excavated 
landﬁll. High contents of ﬁne fraction in excavated was-
te have also been recently reported by Masi et al. [2] 
with approximately 70 % of the total waste excavated from 
a closed dumpsite in Southern Italy being \10 mm. 
According to Kaartinen et al. [8], the ﬁne fraction has been 
considered a potential substrate for intermediate or ﬁnal 
cover layers of landﬁlls in operation or for closed and 
excavated landﬁlls, which can be a revenue source [4]. 
However, even though the ﬁne fraction is an important 
contributor to the total mass of an excavated landﬁll, the 
composition of ﬁne fraction and also the potential envi-
ronmental and ecological disturbances are rarely studied 
and reported in the literature. The leaching and release of 
chemical constituents from the ﬁne fraction upon contact 
with rain water during storage and also in the case this is 
used as cover material of excavated/mined landﬁlls can 
result in potential risks to the environment. According to 
Mahmoudkhani et al. [12], the ﬁrst step to propose an 
adequate strategy for the ﬁne fractions obtained from 
excavated landﬁlls is to identify in laboratory scale 
leaching properties of the material in question. Leaching 
tests can bring valuable information regarding the com-
pliance with existing standards established for different 
purposes. Furthermore, excavated waste must be stored 
before it reaches the ﬁnal destination and the knowledge of 
leaching properties brings also basic information on how to 
design and implement proper storage areas and stormwater/ 
leachate treatment on the basis of potential environmental 
and ecological impacts. Therefore, the current research 
carried out a general characterization of the leachate gen-
erated by the ﬁne fraction (\10 mm) of a full-scale exca-
vated landﬁll located in Kudjape, Saarema Island, in 
Estonia. The characterization was based on classical phy-
sico-chemical parameters such as chemical oxygen demand 
(COD) in soluble and particulate form, total organic carbon 
(TOC), dissolved organic carbon (DOC) and metal con-
tents, since these parameters are widely used as proxy 
indicators of potential environmental and ecological 
problems and are widely established in most of the existing 
environmental quality standards and guidelines. Further-
more, it is important to highlight that knowledge of such 
proxy indicators brings also valuable insights in terms of 
leachate treatment design and implementation. The sam-
pling procedure was designed in order to verify the 
hypothesis that whereas (1) physico-chemical characteris-
tics of leachate from ﬁne fraction have no signiﬁcant 
variation over different locations in the landﬁll (spatial 
variation), (2) physico-chemical characteristics of leachate 
originated from ﬁne fraction sampled from different layers 
(temporal variation) are signiﬁcantly different. Although 
the leachate was produced artiﬁcially in laboratory scale, 
the goal of this study is to use the obtained knowledge as 
preliminary information for the potential use of such 
material in the future. 
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Materials and methods 
Description of the landﬁll site 
The ﬁne fraction (\10 mm) was obtained from landﬁll 
mining activities that took place at Kudjape Landﬁll, 
located in the Island of Saaremaa (N 58:16:06, E 22:32:23), 
2 km southeast from Kuressaare town, Estonia during 
February 2013. The dumping area consisted of two sec-
tions: (1) the old section with an approximate 1.2 ha that 
received an estimated volume of 35,000 m3 between 1970 
and 2000 and, (2) the new section with an approximate 
2.7 ha with an approximate volume of 158,000 m3 of dis-
posed waste which was received between 2000 and 2009. 
The landﬁll received mainly municipal solid wastes. The 
composition of the waste disposed in the landﬁll in the 
excavated section during the years 2007 and 2008 is shown 
in the Table 1. 
The waste was initially disposed on a ﬂat unlined 
area 4 m above the sea level and it reached a ﬁnal 
height of approximately 12 m by the landﬁll closure. A 
compactor was used to prepare the area for new 
incoming waste during the last 10 years, and no inter-
mediate cover layers existed. A thin layer of gravel was 
covering a ﬂat area of the landﬁll since 2009. Average 
annual temperature at the site is 5.6 °C and annual 
precipitation is 594 mm. 
Sampling procedures 
The sampling at Kudjape Landﬁll was done in the new 
section of the landﬁll that had an approximate area of 
2.7 ha and received wastes from 2000 to 2009. The 
sampling was carried out by a tread excavator machine 
Table 1 The mass in tons of different types of waste disposed in the 
studied landﬁll during 2007 and 2008 
Type of waste 2007 2008 
Mixed municipal waste 8122 6863 
Construction and demolition waste 690 456 
Plastic waste 49 111 
Food waste from meat and ﬁsh industry 195 203 
Asbestos rooﬁng and pipes 117 80 
Hospital and veterinary waste 4 1 
Screenings from wastewater treatment plant 87 23 
Clothes 7 11 
Textile 2 7 
Street sweepings 8 1 
Bulky waste, furniture, carpets 17 29 
Ash 3 6 
(Volvo EC210B 21 tonnes) with an attached bucket of 
1 m3 excavation capacity. Four test pits (TP1, TP2, TP3, 
TP4) spatially distributed over the ﬂat top landﬁll area, 
which were then divided in four sampling depths (L1, L2, 
L3, L4), were excavated. The main goal of excavating 
different test pits divided into different sampling depths 
was to evaluate how the leachate from the excavated 
waste varied in terms of spatial distribution within the 
landﬁll and also temporally considering the deeper 
sampling layer within a test pit, the older the waste. The 
approximate aging at the time of excavations for each 
layer was: L1 (4–5 years), L2 (5–6 years), L3 (6–7 years), 
L4 (7–8 years). The ﬁne fraction was later used to build 
a methane degradation cover. Each test pit had a total 
excavation depth of approximately 5 m including the 
30–50 cm topsoil cover layer that was previously 
removed; thus, each layer had an approximate depth of 
1 m, and sample volume of 1 m3. An example of one 
test pit and respective sampling layers is illustrated in 
Fig. 1. 
As soon as 1 m3 of waste was excavated from each 
layer within a speciﬁc test pit, the waste was fed into a 
trommel screen Doppstadt SM518 for an initial separa-
tion of the waste in two fractions: (1) [40 mm and (2) 
\40 mm. The fraction \40 mm was further screened 
down to \10 mm which was the fraction (ﬁne-grained 
fraction) used for the leaching tests reported in this 
study. Considering four test pits with samples taken in 
four different layers, a total of 16 samples of ﬁne frac-
tion, approximately 10 L each, were transported to the 
laboratory and stored under 4 °C until the leaching tests 
were performed. 
Fig. 1 Excavation of test pit 1 (TP1) with excavation layers indicated 
with red lines 
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Sample preparation for the leaching tests 
Leaching tests were done with eight composite sub-sam-
ples obtained from the 16 original ones (four test pits with 
four different layers each) in order to evaluate the spatial 
variability and the inﬂuence of waste age on leaching 
properties. Composite sub-samples from the test pits (TPX) 
and the different sampling layers (LX) were obtained as 
follows (Eqs. 1 and 2): 
TPX ¼ L1X þ L2X þ L3X þ L4X ð1Þ 
LX ¼ TP1X þ TP2X þ TP3X þ TP4X ð2Þ 
where X is the number of the test pit (1–4) and the layers 
(1–4), respectively. 
Leaching test 
The batch-leaching tests were carried out according to the 
Swedish Standard Method SS-EN 12457-2 with minor 
modiﬁcations. The SS-EN 12457-2 recommends the use of 
particle size of \4 mm; however, since the main objective 
of this investigation was to study the leaching properties of 
the ﬁne fraction as close as possible to the real conditions 
the investigation was done with particle size \10 mm. The 
liquid/solid ratio (L/S) of 10 L/kg was achieved using de-
ionized water. 
In order to consider the moisture content of the ﬁne 
fraction the amount of dried waste (kg dry matter) and de-
ionized water to achieve the proposed liquid/solid ratio was 
calculated according to the Eq. 3 as follows: 
L10 ¼ ð10 -MC=100Þ x  Md ð3Þ 
where MC is the moisture content of the ﬁne fraction (%); 
Md is the dry mass of the ﬁne fraction (kg dry matter) and 
L10 is the amount of water needed to achieve the L/S of 
10-L/kg dry matter. 
Leaching tests were carried out in a ﬂocculator/jar test 
(STUART-SW6) for 24 h under agitation speed of 
100 rpm in 800 mL beakers at ambient temperature 
(23 ± 1 °C). After 24 h agitation, the ﬁne fraction settled 
down for 30 min and samples from the supernatant phase 
(eluent) were taken for further physico-chemical charac-
terization. Eluents were stored in 50 mL falcon tubes at 
4 °C for total organic carbon (TOC), dissolved organic 
carbon (DOC), total chemical oxygen demand (CODt), 
dissolved chemical oxygen demand (CODd) and metal 
analysis (Zn, Cu, Cd and Pb). Falcon tubes that received 
eluents for metal analysis were previously acid-washed 
(0.1 M nitric acid). Electrical conductivity (EC) (mS/cm), 
pH and oxidation–reduction potential (ORP) were mea-
sured during the leaching tests in pre-determined intervals 
to avoid any inﬂuence of chemical transformations. All 
leaching tests were performed in triplicates. 
Analytical procedures 
Physico-chemical characterization of the leachate was done 
for: CODt, CODd, TOC, DOC and the metals zinc (Zn), 
copper (Cu), lead (Pb) and cadmium (Cd). Prior to the 
analysis of CODd and DOC, samples were ﬁltered through 
a GF/C Whatman ﬁlter 1.2 lm (Cat No 1822-047). All 
parameters with the exception of metals were analyzed 
with Dr. Lange cuvette tests (Dr. Bruno Lange, GmbH & 
CO. KG, Dusseldorf, Germany) and measured spec-
trophotometrically with a HACH XION 500 spectropho-
tometer (DR 5000 HACH). All Lange methods are 
validated according to ISO 8466-1 [13], DIN 32645 [14] 
and DIN 38402 A51 [15]. 
The metals Zn, Cu, Pb and Cd in leachates were ana-
lyzed after ﬁltration through 0.45 lm ﬁlters attached to 
50 mL syringes by atomic absorption spectroscopy—AAS 
(Model Analyst 4). Analysis of Cd was performed using 
atomic absorption spectrophotometer (AA-6800, Shi-
madzu) equipped with graphite furnace atomizer (GFA-
EX7). The Quantiﬁcation of the selected metals in the ﬁne 
fraction (solid phase) was performed with a portable 
Olympus DELTA DS-4000 Handheld X-ray Analyzer 
(Olympus). 
Statistical analysis 
Descriptive statistics such as minimum and maximum, 
mean and standard deviation values were calculated for all 
the physico-chemical parameters. Pearson’s correlation 
coefﬁcients (non-parametric) were calculated to evaluate 
possible associations between leachate quality constituents 
since the correlation analysis between chemical con-
stituents has been reported as a useful statistical tool to 
identify quality parameters that might serve as surrogates 
for others [16]. However, for practical purposes only cor-
relation coefﬁcients higher than 0.6 have been considered 
for surrogates in this study. The comparison between test 
pits and layers was carried out through one-way ANOVA 
followed by Tukey’s multiple comparison tests. All the 
statistical analyses were performed by the statistical soft-
ware GraphPad Prism (version 5.02 for Windows, Graph-
Pad Software Inc., San Diego, USA) assuming Gaussian 
distribution and variance homogeneity at a signiﬁcance 
level of p B 0.05. 
Results and discussion 
3.1 pH 
The Fig. 2 shows the variation of pH during 24 h of 
leaching in the different test pits and respective sampling 
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Fig. 2 pH and conductivity dynamics during 24 h of leaching test, (n = 
layers. The results have shown that leachate generated from 
different test pits had their pHs ranging between 7.1 and 
8.3 corresponding to a coefﬁcient of variation of less than 
5 %. The highest initial pHs were observed in TP2 and TP3, 
respectively. Although the leachate from TP1 slightly 
increased from 7.1 up to 7.5 during the test, leachates from 
TP2, TP3 and TP4 had pHs reduced from 8.3, 8.2 and 7.6 
down to 7.1, 7.2, and 7.35, respectively. According to one-
way ANOVA test, pHs from test pits were not signiﬁcantly 
different (p\ 0.05). Leachates extracted from the different 
sampling layers had pH values in similar ranges of those 
observed for test pits (Fig. 2), and whereas pHs from L1 
(upper layer) and L4 (bottom layer) had a negligible 
decrease throughout the leaching test, middle layers (L2 
and L3) had their initial pHs of 8.4 and 8.6 decreased down 
to 7.3 and 7.2, respectively, after 24 h (Fig. 2). According 
to Slomczyn´ska and Slomczyn´ski [17], leachates with pHs 
in the range of those found in this current study—slightly 
alkaline and alkaline—are related to landﬁlls with solid 
wastes disposed for more than 5 years and that already 
have achieved a complete methanogenic phase. 
Electrical conductivity and oxidation–reduction 
potential 
The dynamics of conductivity throughout the leaching 
test is presented in Fig. 2 which shows that 
3) 
conductivity in the initial stage of the experiment (0 h) 
ranged between 0.5–1.5 and 0.65–1.4 mS/cm and at 
the end (24 h) between 2.7–4.6 and 2.75–3.6 mS/cm 
for test pits and different sampling layers, respectively. 
The results have shown an increase in conductivity 
during the ﬁrst 4–5 h followed by an equilibrium state 
suggesting that an increase in ionic strength and 
changes in pH take place simultaneously until the 
equilibrium state is achieved (Fig. 2) although no 
correlation between pH and conductivity was found. 
According to a one-way ANOVA Tukey’s test 
(p\ 0.05), the leachate of test pit 3 (4.6 mS/cm) had a 
signiﬁcantly higher conductivity in comparison to the 
others. On the other hand, no statistical differences 
were observed between conductivities of leachates 
generated by different sampling layers, although dee-
per layers (L3 and L4) had their conductivities after 
24 h as high as 3.4 and 3.6 mS/cm, respectively 
(Fig. 2). Redox potential was measured only in the 
beginning of the experiment (0 h) and in the end 
(24 h) and the results obtained have shown a wider 
range of values in the initial stage of the experiment in 
comparison to the end. The initial values ranged 
between 147–224 and 144–201 mV for different test 
pits and layers, respectively, whereas in the end nar-
rower ranges were observed (209–220 mV for test pits 
and 203–216 mV for different layers). 
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Total chemical oxygen demand (CODt) 
and dissolved chemical oxygen demand (CODd) 
The total chemical oxygen demand (CODt) and dissolved 
chemical oxygen demand (CODd) from the different test pits 
and sampling layers are presented in Fig. 3. The CODt of the 
leachate extracted in all test pits was signiﬁcantly different 
(p\ 0.05) and ranged between 4924 and 7622 mg/kg 
(Fig. 3a). TP4 and TP3 were the ones with the lowest and the 
highest amounts of CODt released per unit mass of dry ﬁne 
fraction, respectively. The CODt released from the different 
layers was also signiﬁcantly different (p\ 0.05), and 
whereas the highest CODt was observed in the deeper layers 
with 7543 and 5520 mg/kg released by L3 and L4, respec-
tively (Fig. 3b), upper layers (L1 and L2) released CODt 
values as low as 3623 and 3572 mg/kg (p[ 0.05). Accord-
ing to Ziyang et al. [18], the knowledge of the different 
fractions of COD is an important pre-requisite for the 
selection of proper leachate treatment in landﬁlls and as 
observed in this study,most of theCOD fraction released into 
the water was in particulate/colloidal state. The Fig. 3 
illustrates the amounts of CODd released into the solution 
and values ranging between 651 and 1904 mg/kg for test pits 
and 455 and 1561 mg/kg for different sampling layers 
(Fig. 3a). The amounts of CODd corresponded to 28, 14, 16 
Fig. 3 CODt and CODd leached per unit mass of waste (mg kg 
-1) in  
samples taken from the different test pits and layers, (n = 3) 
and 13 % of the CODt in TP1, TP2, TP3 and TP4, respectively 
(Fig. 3a). The highest contribution of dissolved matter was 
observed in the leachate of TP1 (28 %) and this might be 
related to the speciﬁc environmental conditions of the 
excavated area. Oxygen diffusion is a factor that enhances 
the hydrolysis and the transformation of suspended macro-
molecular substances into lower molecular weight matters 
[18], which might have caused the current observation. 
Considering the amount of CODd in comparison of 
CODt, values as low as those observed for test pits were 
observed in the leachate of the different sampling layers 
with corresponding values of CODd ranging between 12 
and 20 % of CODt (Fig. 3b). The low contribution of only 
12 % in the upper layer (L1) might be due to the relatively 
young age of the excavated waste (approximately 10 years 
old waste) with short time for hydrolysis to take place. 
However, it is important to emphasize that the types of 
waste discarded in a landﬁll do not solely determine the 
leachate composition and existing conditions in the waste 
body such as chemical and biological transformations and 
also interactions of contaminants with plant-derived matter 
need to be considered [5]. 
Total organic carbon and dissolved organic carbon 
The results obtained for TOC and DOC released into the 
water phase from different test pits and layers during the 
leaching of 24 h are shown in the Fig. 4. There was a 
signiﬁcant difference observed in TOC between all test pits 
(p\ 0.05) with TP3 releasing signiﬁcantly higher amounts 
of TOC (3530 mg/kg dry matter) in comparison to TP1 
(2519 mg/kg dry matter) and TP4 (2326 mg/kg dry matter) 
suggesting different stages of biodegradation processes 
spatially distributed within the excavated landﬁll. Consid-
ering the layers, as illustrated in Fig. 4b, values as high as 
3069 and 2470 mg/kg of TOC were observed for L3 and L4, 
respectively, in comparison to values as low as 1894 and 
1999 mg/kg for upper and intermediate layers (L1 and L2). 
Dissolved organic matter was evaluated as DOC and 
concentrations ranging between 365–874 and 317–940 mg/ 
kg for different test pits (Fig. 4a) and sampling layers 
(Fig. 4b), respectively, were observed. The highest leach-
ing of DOC was observed for TP1 and L3 with concen-
trations as high as 874 and 940 mg/kg, being signiﬁcantly 
higher than the others (p\ 0.05). 
Regarding the results observed for L3, high TOC values 
combined with the contribution of 30 % of DOC (Fig. 4b) 
suggest transportation of ﬁne fraction responsible for the 
presence of dissolved organic matter from upper layers 
downwards deeper areas of the landﬁll and consequent ﬁne 
fraction built up with slower rates of degradation due to 
lack of optimum environmental conditions. According to 
Slack et al. [5], bio-decomposition of putrescible wastes is 
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Fig. 4 TOC and DOC leached per unit mass of waste (mg kg -1) in  
samples taken from the different layers and test pits, (n = 3) 
responsible for an increase in the amounts of DOC in 
leachate suggesting transportation of such putrescible 
matter downwards. 
Considering TP1, the low TOC observed might be related 
to a higher rate of hydrolysis and further degradation, a fact 
that is corroborated by 38 % of the total carbon content 
being in hydrolyzed phase (Fig. 4a). This highlights that 
even though material composition within a speciﬁc landﬁll 
does not vary, environmental and physical conditions such 
as oxygen diffusion, moisture content, void space and waste 
compactness can play important roles in the leachate gen-
erated and concentrations of carbon contents in particulate 
and dissolved forms. However, it is important to emphasize 
that dynamics of organic matter transformation and min-
eralization in landﬁlls is relatively complex and highly 
dependent on the environmental conditions [6] and whether 
chemistry or biology controls the solubility of organic 
matter and how different factors interact is not well known 
yet and further investigation is required. 
Metals 
The total concentrations of Zn, Pb, Cu and Cd released into 
the aqueous phase from different samples are presented in 
the Fig. 5. The amounts of Zn, Pb and Cu released by unit 
mass in different test pits ranged between 3.19–6.85, 
0.90–1.35 and 0.13–0.40 mg/kg, respectively, whereas 
released Cd was as low as 1.00–3.00 lg/kg. A comparison 
of the metals released by the different test pits has shown 
that metals were signiﬁcantly different among them (One-
way ANOVA p\ 0.05) and considering TP3, a statistically 
higher amount of Zn was released in comparison to the 
others. Furthermore, the amounts of Cu released were 
signiﬁcantly different (p\ 0.05) in the following order: 
TP4 \TP3\TP2 \TP1 (Fig. 5e). 
Considering the layers, whereas Zn was released in higher 
amounts with values ranging between 2.65 and 6.30 mg/kg 
(Fig. 5b), Cd was released in concentrations ranging 
between 2.00 and 3.00 lg/kg (Fig. 5h). Intermediate con-
centrations were observed for Pb and Cu with released 
amounts per unit dry mass as low as 1.00–1.30 and 
0.15–0.18 mg/kg, respectively (Fig. 5d, f). Although the 
obtained results did not show any well-deﬁned pattern in 
relation to upper and deeper layers Zn, Pb, Cu and Cd were 
signiﬁcantly different when comparing the different sam-
pling layers (One-way ANOVA, p\ 0.05). By analyzing the 
results based only on concentration released into the aqueous 
phase one can either overestimate or underestimate the 
mobility of certain chemical constituents into the water and 
potential environmental impacts. Therefore, leaching rates 
(%) of each metal were calculated on the basis of the con-
centrations found in the solid phase and actual concentra-
tions detected on the artiﬁcial leachate (Table 2). According 
to Table 2, very low average leaching rates (%) ranging 
between 0.2 and 1.5 % were observed which might be 
explained by the lower solubility of these metals in alkaline 
pHs resulting in negligible concentrations in the artiﬁcial 
leachate. Since Cd concentrations in the ﬁne fraction were 
under the detection limit of XRF equipment used, the 
leaching rates of Cd are not presented in Table 2. However, 
the leaching rate of Cd was possible to estimate based on the 
results of Cd analysis with ICP (data not shown) where Cd 
concentration approximately 1 mg/kg in the ﬁne fraction 
was obtained. Thus, based on those results leaching rates for 
Cd would reach a maximum of 0.26 %. 
Low leaching rates of Cu, Zn and Pb as observed in this 
study are comparable to previous investigation carried out 
by [19]. Even though Zn had the highest amounts released 
into the water, Pb had the highest leaching rate (%) sug-
gesting lower afﬁnity with the ﬁne fraction and higher 
mobility (Fig. 6). According to a One-way ANOVA test, 
Pb had an average leaching rate of 1.0 % which was sig-
niﬁcantly higher in comparison to Zn (0.70 %) and Cu 
(0.35 %) suggesting that total concentrations of metals in 
the solid phase do not correspond to the amounts leached 
into the water and the potential mobility (Table 2). The 
partition process between solid phase and the solution can 
be highly inﬂuenced by a variety of geochemical aspects 
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Fig. 5 The amounts of metals Zn, Pb, Cu (mg kg -1) and Cd (lg kg  -1) leached per unit mass of waste in samples taken from the different test 
pits and layers, (n = 3) 
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Table 2 The concentration of studied metals in the solid matrix, aqueous phase and respective leaching rates (%) of studied metals in different 
locations (test pits) and layers of the excavated landﬁll 
Sample Cu (mg kg -1) Zn (mg kg -1) Pb (mg kg -1)
Solid phase Leached Leaching rate (%) Solid phase Leached Leaching rate (%) Solid phase Leached Leaching rate (%)
TP1 105.2 0.4 0.4 845.3 4.1 0.5 119.2 1.2 1.0 
TP2 86.3 0.3 0.4 680.2 4.2 0.6 88.5 1.0 1.1 
TP3 45.3 0.3 0.6 732.8 6.9 0.9 147.0 1.3 0.9 
TP4 53.4 0.1 0.2 469.0 3.2 0.7 88.3 0.9 1.0 
L1 69.5 0.2 0.2 904.7 4.5 0.5 129.0 1.1 0.9 
L2 95.4 0.2 0.2 429.8 2.6 0.6 67.3 1.0 1.5 
L3 44.5 0.2 0.4 1068.5 6.3 0.6 134.5 1.1 0.8 
L4 58.8 0.3 0.5 436.2 4.5 1.0 108.0 1.3 1.2 
Leaching rate (%) = (concentration liquid phase 9 100)/(concentration solid matrix) 
Fig. 6 Box-and-whisker plots showing minimum, average, maxi-
mum, lower quartile (25 %) and upper quartile (75 %) values of 
obtained leaching rates (%) of the studied metals, (n = 8) 
such as pH, mineral weathering, transport by DOC, pre-
cipitation/dissolution mechanisms, adsorption/desorption 
processes and others [20] which makes it difﬁcult to draw 
robust conclusions regarding which could have been the 
main factor that caused a signiﬁcant higher leaching rate 
(%) of Pb in comparison to Zn and Cu in the current study. 
Low leaching rates (%) of metals as observed in this study 
have been highlighted by Slack et al. [5] and the reported 
leaching rates of disposed metals in landﬁlls within the ﬁrst 
30 years were as low as B0.02 % due to metal immobi-
lization by organic/inorganic sorption and precipitation. 
Correlation analysis between water quality 
parameters 
The possibilities of identifying surrogate indicators among 
all water constituents were evaluated and Pearson corre-
lation coefﬁcients were calculated with a 95 % conﬁdence 
level. Table 3 shows the obtained correlation coefﬁcients 
(r) and conﬁdence values (p values) above and below the 
diagonal, respectively. The results have shown very good 
Table 3 Pearson correlation coefﬁcients (r value, above the diagonal 
line) and probability values (p values, below the diagonal line) 
between characteristics indicators 
Zn Pb Cu Cd DOC TOC CODt CODd 
Zn 0.71 0.10 0.13 0.57 0.81 0.77 0.46 
Pb 0.05 0.38 0.44 0.40 0.43 0.42 0.37 
Cu 0.81 0.36 0.44 0.55 0.33 0.48 0.63 
Cd 0.76 0.27 0.28 0.21 -0.20 -0.06 0.30 
DOC 0.14 0.33 0.15 0.61 0.65 0.83 0.95 
TOC 0.01 0.28 0.43 0.63 0.08 0.94 0.57 
CODt 0.03 0.30 0.23 0.89 0.01 0.00 0.78 
CODd 0.25 0.36 0.09 0.47 0.00 0.14 0.02 
High correlation coefﬁcients and probability values \0.05 are shown 
in bold 
correlation between CODt and both TOC and DOC with 
observed correlation coefﬁcients as high as 0.94 and 0.83, 
respectively (p\ 0.05). Such high and signiﬁcant corre-
lations suggest the potential use of CODt as a surrogate 
indicator of organic carbon in both suspended and dis-
solved forms. Furthermore, CODt was also highly corre-
lated with CODd (r = 0.78, p\ 0.05) and Zn (r = 0.77, 
p\ 0.05). Correlation of Zn with CODt might be a result 
of either Zn-based organic complexes or metal chlorides. 
The interaction of Zn with organic carbon is conﬁrmed 
with correlation coefﬁcients as high as r = 0.81, p\ 0.05 
(Table 3). Whereas Pb has shown to be signiﬁcantly cor-
related with Zn (r = 0.71, p\ 0.05), no further correlation 
was observed with the other studied water quality param-
eters. Previous correlation analysis in the literature [16] and 
the results described above indicate that such statistical 
tests can be a useful tool in monitoring programs whose 
ﬁne fractions of excavated landﬁlls are used as soil cover 
after reclamation and area recovery. As soon as appropriate 
mathematical relationships are established, a shorter list of 
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water quality parameters may serve as a substitute for a 
larger list, bringing advantages as regards: (1) considerable 
reductions in analytical costs and time during a charac-
terization and monitoring study, (2) the use of surrogates to 
plan and design a treatment system, and (3) the use of 
surrogates to evaluate the performance of treatment sys-
tems with reduced costs. However, it is important to 
mention that transferability of statistical relationships of 
leachate from ﬁne fractions (\10 mm) of different landﬁlls 
is a complex process that needs further evaluation. 
Conclusions 
The characteristics of the artiﬁcial leachate of the ﬁne 
fraction (\10 mm) from an excavated landﬁll located in 
the city of Kudjape, Saarema Island, in Estonia were 
investigated. The results have shown that leachate from the 
different test pits and layers did not follow a well-deﬁned 
pattern. The results suggest the existence of different 
biodegradation stages in different parts of the excavated 
landﬁll even though the composition of disposed waste had 
no major differences conﬁrming the complex environ-
mental and physical conditions in landﬁlls. Regarding 
contaminants release from ﬁne fraction, the results suggest 
that most of it can be found in particulate matter suggesting 
that physical methods such as settling/sedimentation and/or 
ﬁltration can be potential ways of tackling leachate gen-
erated from ﬁnes when stored outdoors during landﬁll 
excavations. Furthermore, an evaluation of actual leaching 
rates (%) in relation to metals may be a much more useful 
tool than concentrations found in solid phase since it was 
observed considerably low leaching rates suggesting that 
regardless the concentration, metals release occur accord-
ing to different environmental conditions existing in the 
landﬁll such as oxygen availability, redox potential, pH and 
others. To conclude, leaching tests can be used as impor-
tant tools during landﬁll mining activities in order to bring 
valuable information not only for the design of treatment 
systems but also for an evaluation of the possibilities for 
recovery and beneﬁcial use of the ﬁne fraction. 
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